Lipoteichoic acid (LTA), extracted from Streptococcus mutans 10449 by hot aqueous phenol, was partially purified by Sepharose 6B column chromatography in 0.01 M sodium acetate, pH 6.0, containing 0.25 M sodium chloride and 0.001 M EDTA. Nucleic acid and polysaccharide were precipitated from the LTA-containing column peak by the addition of 2 volumes of chloroform-methanol (1:5). The resulting single-phase chloroform-methanol-water (1:5:3) supernatant contained LTA and small amounts of several contaminating substances as indicated by reverse-phase high-pressure liquid chromatography and chemical analyses. LTA was purified further by DEAE-cellulose chromatography, using a concentration gradient of sodium chloride in chloroform-methanol-water (1:5:3). Two column peaks of LTA were found to contain phosphate, glycerol, glucose, and fatty acids at molar ratios of 1:1:0.11:0.10 and 1:1:0.09:0.04, respectively. The LTA polymers contained 18 and 22 repeating units of unsubstituted glycerophosphate and two glucose residues. The LTA in one column peak had two fatty acids per molecule, whereas that in the second peak contained only one. The yield of LTA was 1.68 mg per g of cell dry weight or 65 mg per g of phenol-water-extracted material. The specific activity of the LTA preparation was increased 128-fold by the purification scheme as determined by a erythrocyte-binding assay. Reverse-phase high-pressure liquid chromatography may be used for rapid separation of LTA molecules containing different numbers of acyl groups.
Lipoteichoic acid (LTA) is an amphipathic molecule found in the plasma membranes and often at the cell wall surface of gram-positive bacteria. The predominant type of LTA is a polymer of sn-glycerol 1-phosphate linked at one end through a phosphodiester bond to a glycolipid, such as kojibiosyl diacylglycerol. In some bacterial species, the C-2 position of glycerol on the polyglycerophosphate chain may be substituted with glycosyl units or D-alanyl esters (reviewed in references 1, 6, 29) .
LTA is reported to have a variety of biological activities in vitro that make it a potential virulence factor in the pathogenesis of diseases caused by gram-positive bacteria (28, 30) . Yet, definitive studies on pathogenesis have been seriously impeded by the difficulty of purifying LTA to homogeneity without destroying its biological activities (13) . LTA is usually extracted from bacteria by the hot aqueous-phenol method of Westphal and Jann (27) and partially purified by gel filtration (29) . Subsequent purification steps have included chromatography based on ion exchange (8, 21) and hydrophobicity (7, 10) . Adsorption to phospholipid lipsomes has also been used to purify small quantities of LTA (24) . Serious disadvantages of these procedures include low yields of LTA, residual quantities of other bacterial components, hydrolysis of D-alanine esters, or contamination by nonionic detergents or phospholipids used to facilitate the purification.
In this report, we describe a chromatographic purification of a previously uncharacterized streptococcal LTA, using water-organic solvent systems. The purity of the LTA preparations was monitored by chemical analyses and high-pressure liquid chromatography (HPLC). Most importantly, the product obtained was biologically active and free of extraneous substances such as nonionic detergents and nucleases.
( 27 ,000 x g and 4°C. The cells were washed twice with 0.01 M sodium phosphate, pH 6.0, containing 0.15 M sodium chloride (phosphate-buffered saline).
PHA assay. Biological activity of LTA was monitored by passive hemagglutination (PHA) because both the hydrophilic and the hydrophobic moieties are necessary for this assay (28) . Antibodies are specific for the polyglycerophosphate backbone, whereas the glycolipid moiety mediates binding to erythrocyte membranes (30) . Sheep erythrocytes (100 ,ll of a 1% suspension) were passively sensitized in plastic microtiter plates for 1 h on ice with an equal volume of diluted LTA. The sensitized erythrocytes were centrifuged and washed three times with phosphate-buffered saline. The final washed cell pellet was suspended to 0.75% in phosphate-buffered saline. For assay, 25 ,ul of the sensi-tized cells was added to 25 ,ul of diluted anti-LTA (L. casei) serum. Agglutination was read after 2 h at 22°C. One unit of LTA activity is defined as the smallest quantity that would passively sensitize erythrocytes and lead to their agglutination by a 1:64 dilution of the test antiserum. The reactivity of serum antibodies was specific for the polyglycerophosphate of LTA, as indicated by complete inhibition of PHA by a-glycerophosphate.
Aqueous-phenol extraction. Bacteria (20 g of wet cell pellet) were suspended in 200 ml of distilled water and mixed with an equal volume of 90% phenol at 65°C for 15 min according to the method of Westphal and Jann (27) . After centrifugation, the aqueous phase was collected and the phenol phase and cell residue were extracted again with 200 ml of distilled water. The aqueous phases were combined, dialyzed for 36 h against four 8-liter changes of distilled water at 4°C, and lyophilized.
Sepharose 6B chromatography. The phenol-water-extracted material (150 to 300 mg) was chromatographed on a column of Sepharose 6B (1.6 by 85 cm; Pharmacia Fine Chemicals, Uppsala, Sweden). The material was eluted with 0.25 M sodium chloride-0.05% sodium azide-1 mM EDTA-0.01 M ammonium acetate, pH 6.0, at 10 ml/h.
Fractions (5 ml) were collected and assayed for total carbohydrate, phosphate, A26, and PHA activity. PHA-active fractions (peak A) were combined, dialyzed at 4°C against 5 mM ammonium acetate (pH 6.0), and lyophilized.
Chloroform-methanol-water extraction. Lyophilized peak A (30 to 40 mg) was dissolved in 1 ml of distilled water and mixed with 2 ml of chloroform-methanol (1:5). The resulting precipitate was removed by centrifugation at 12,000 x g for 30 min at 4°C. The gelatinous pellet was extracted with 5 ml of fresh chloroform-methanol-water solvent. The clear supernatants were pooled and dried under vacuum at 30°C, and the LTA residue was desiccated at room temperature under vacuum.
Anion-exchange chromatography. Peak A material from Sepharose 6B chromatography was dissolved in chloroformmethanol-water (1:5:3), containing 0.01 M ammonium acetate (pH 6.0), loaded onto a solvent-equilibrated DEAEcellulose column (1.0 by 40 cm; DE-52; Whatman Ltd., Maidstone, Kent, England), and eluted with 100 ml of the same solvent, followed by a salt gradient of 0 to 0.5 M NaCl in 500 ml of solvent. Column fractions (5 ml) were evaporated to dryness, dissolved in 3 ml of distilled water, and assayed for phosphate, hexose, and PHA activity. Selected fractions were pooled, dialyzed against distilled water, and lyophilized.
HPLC. Chromatography was performed on a Beckman model 342 HPLC, using a Beckman Ultrasphere-ODS (C18) reverse-phase column. The solvent systems were composed of 0.015 M potassium phosphate (pH 4.8) and 0.01 M tetrabutylammonium phosphate (TBA) in methanol-water or acetonitrile-water. The rate of elution was 1 ml/min and the effluent was monitored for A215. Fractions (1 ml) were dried under nitrogen, suspended in 1 ml of distilled water, and assayed for PHA activity. In some experiments, bacterial components were eluted with 20% methanol followed by a 20 to 80% methanol gradient over 60 min. For further analyses of the LTA preparations, the column was run isocratically with 50% acetonitrile for 30 min followed by a 50 to 80% gradient of acetonitrile at 1%/min. Fractions of 0.5 ml were collected, evaporated to dryness under a stream of nitrogen at 30°C, and tested for PHA activity.
Analytical methods. Neutral sugars and amino sugars, as alditol acetate derivatives, were quantitated with a HewlettPackard 5992 gas chromatograph/mass spectrometer, using 3% OV-225 and 3% OV-17 columns as described by Reddy et al. (19) . Amino acid analysis was performed with a Beckman model 120C amino acid analyzer, using the method of Moore and Stein (17) . Total hexose content was determined by the phenol-sulfuric acid method of Dubois et al. (4) . Protein was determined by the Bio-Rad protein assay kit (Bio-Rad Laboratories, Richmond, Calif.), using bovine serum albumin as a standard. Total phosphate was measured by the method of Eibl and Lands (5) after 50 jig of LTA was hydrolyzed with 300 RI of 6 N sulfuric acid for 36 h at 110°C. Glycerol was quantitated enzymatically (2) . RNA, DNA, and pentoses were quantitated by the methods of Shatkin (23) .
Fatty acid composition of LTA was determined by gasliquid chromatography. LTA was dissolved in 1.8 M potassium hydroxide in 90% aqueous methanol and kept at 22°C for 18 h. After the pH was adjusted to 2.0, the fatty acids were extracted with petroleum ether. The fatty acids were methylated by boron trichloride in methanol (16) and separated on 3% SP2100 DOH (Supelco, Bellefonte, Pa.) in a glass column (200 cm by 4 mm) on a Varian gas chromatograph, model 3700, with flame ionization detectors. For quantitative analysis, nonadecanoic acid (125 nmol/,mol of phosphorus) was added as an internal standard prior to esterification. To test for sugar-linked acyl groups, the petroleum ether-insoluble material from the above procedure was dried and then hydrolyzed in 6 N hydrochloric acid at 100°C for S h. The hydrolysate was treated in the manner described above.
RESULTS
The chromatographic behavior of the crude phenol-waterextracted LTA on Sepharose 6B is shown in Fig. 1 . PHA activity of LTA was associated with peak A. The material in this peak showed a 25-fold increase in specific activity and contained 18% of the sample dry weight applied to the column; however, chemical analyses indicated that this column pool also contained large quantities of protein, polysaccharide, and RNA (Table 1) . Preliminary experiments showed that the relative proportion of these contaminants in the LTA preparations increased with the duration of phenol extraction. The optimum conditions for LTA extraction by phenol-water was two 15-min cycles as originally described by Westphal and Jann (27) for the extraction of lipopolysaccharide from gram-negative bacteria. Under these conditions an average of 24 mg (dry weight) was extracted from 1 g of dry, intact S. mutans cells.
Removal of protein and RNA contaminants from LTA preparations has been accomplished in the past by sequential enzymatic digestion with RNase and protease (7, 29) . In our laboratory, this method proved to be cumbersome and time-consuming and actually complicated LTA purification by the addition of foreign proteins that are themselves difficult to remove. Alternatively, further purification of LTA was achieved by precipitation of bacterial components from aqueous preparations with 2 volumes of chloroformmethanol (1:5). LTA was freely soluble in the resulting chloroform-methanol-water (1:5:3), whereas proteins, polysaccharides, and RNA precipitated. The gelatinous precipitate was sedimented by centrifugation at 27,000 x g for 20 min and extracted with fresh chloroform-methanol-water (1:5:3) . The single-phase supernatant fluids were combined and evaporated to dryness under vacuum at 30°C. The soluble fraction contained 100% of the biological activity of LTA and 80% of the dry weight ( The chloroform-methanol-water-soluble material was fractionated further by DEAE-cellulose chromatography in the same solvent system (Fig. 2) . A carbohydrate-containing peak was not retained by the column and thus eluted with chloroform-methanol-water. When a gradient of 0 to 0.5 M sodium chloride was passed through the column, three peaks containing both phosphate and carbohydrate were eluted. Higher concentrations of salt did not elute additional material from the column. PHA activity was associated only with peaks 3 and 4. The pooled fractions, designated DE3 and DE4, showed a fivefold increase in specific activity as a result of this chromatographic separation. Combined weights of the DE3 and DE4 pools represented 45 to 50% of the column load and 6 to 8% of the original cell extract ( (Fig. 3) . None of these peaks had PHA activity. These same substances appeared in HPLC analyses of pools DE1 and DE2 but not in the pool DE3 or DE4. When a methanol gradient was run from 20 to 100%, PHA-active LTA was eluted from the C18 column at 80% methanol; however, the high UVabsorbing properties of methanol prevented detection of the bacterial components by the UV monitor. When acetonitrile was substituted for methanol in subsequent experiments, the DE3 and DE4 pool preparations gave similar HPLC elution patterns at 215 nm (Fig. 4) . PHA DE3 separated into two peaks with PHA activity (Fig. 4) , a small peak with a retention time of 74 min and a large peak at 78 min. Both peaks were observed with sample DE4, except that the first peak was greatly enhanced. The UV-absorbing peaks that eluted at the beginning of the column run represent trace contaminants in the buffer solutions. DISCUSSION The purification scheme described here produced homogeneous and biologically active LTA from extracts of S. mutans strain 10449. The specific activity increased 128-fold with purification, whereas the total units increased 8-fold. The increase in total units indicates that crude extracts contained other bacterial polymers that bind to the LTA and inhibit its interaction with either the erythrocyte membranes or specific immunoglobulins in the PHA assays. Indeed, a number of laboratories (3, 14, 18, 20) have shown that LTA forms tenacious, soluble complexes with proteins, lipids, and polysaccharides, apparently through ionic and hydrophobic interactions. Column chromatography of LTA on Sepharose 6B was facilitated by 0.25 M NaCl and 1 mM EDTA in the elution buffer. Increasing ionic strength decreases the critical micelle concentration and increases the average micelle size of amphiphiles with ionic headgroups (26) . The high salt concentration also reduces ionic interactions between LTA and other bacterial constituents in the extracts. The participation of divalent cations in aggregation of LTA with other anionic components of S. mutans was minimized by EDTA. Complexes of LTA and divalent cations have been detected on the surfaces of S. mutans cells by 31P-nuclear magnetic resonance spectroscopy (19a) . In the subsequent DEAE-cellulose chromatography, we found that the various LTA complexes were dissociated by the Fig. 1 ) fractionated on a column of DEAE-cellulose (1 by 40 cm). The sample (40 mg) was eluted with 100 ml of chloroform-methanol-water (1:5:3), followed by a gradient of 0 to 0.5 M NaCl in 500 ml of the same solvent system. The concentrations of phosphate and carbohydrate are expressed as micromoles per 5-ml fraction.
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.4 P04, Phosphate; Gro, glycerol; Glc, glucose; Ala, alanine; Gro-P, glycerophosphate. I This value is based on the ratio of glucose to total phosphate, with two residues of glucose per molecule. ' Similar quantities of Asx, Ser, Glx, Gly, and llc were also detected.
combination of high ionic strength and water-miscible organic solvents.
The chloroform-methanol-water (1:5:3) solvent system used in this study effectively precipitated nucleic acid, protein, and polysaccharide contaminants from LTA solutions and minimized hydrophobic interactions between LTA and the DEAE groups on DEAE-cellulose during chromatography. This column matrix may act as a mixed ionic and hydrophobic adsorbent in aqueous solutions (22) , resulting in low recovery of the amphiphilic LTA (21). Fischer and co-workers (7, 8) found that addition of Triton X-100 to the column buffer reduced these hydrophobic interactions during ion-exchange chromatography, permitting LTA to be recovered as a single symmnetrical peak during elution with an NaCl gradient. The introduction of a nonionic detergent into LTA preparations, however, seriously complicates subsequent testing of biological activities. Absolute removal of the detergent is necessary for defining the pathogenic effects of LTA in vivo (29) . In the present study, chloroform and methanol were removed rapidly and completely from the LTA preparations by vacuum evaporation at 30°C, permitting direct testing of the residue in biological assays.
Adsorption of streptococcal LTA to phosphatidylcholine vesicles has been used successfully to separate LTA from other bacterial polymers (24) . Although the mechanism of LTA adsorption was not reported, it may be similar to its interactions with DEAE-cellulose, since phosphatidylcholine vesicles contain both cationic and lipid moieties. With this procedure, Silvestri et al. (24) obtained a final weight yield of 5 to 10% of the initial phenol-water extract, very similar to that reported in the present study.
Chromatographic separation of LTA must be performed under acidic conditions to prevent degradation of the polymer. Fischer and Koch (6) found that hydrolysis of alanine esters on the polyglycerophosphate backbone of LTA from other bacteria was rapid at alkaline and neutral pH, but was minimal under acidic conditions. The LTA of S. mutans 10449, purified under acidic conditions in the present study, was devoid of p-alanine substituents. This appears to be the native state of the polymer in S. mutans 10449 because the alanine esters present on the LTA of S. pyogenes remained intact during its purification by the same procedures (M.
Stinson, unpublished data). The only other bacterium reported to produce unsubstituted LTA is Micrococcus varians (6) .
The multipeak elution patterns from DEAE-cellulose and glucose is limited to the glycolipid moiety as a disaccharide. It should be noted, however, that these are average values and that the range of chain lengths could be large. Chemical analyses also indicate that the polyglycerophosphate chains of both LTA molecules were unsubstituted. Both preparations of LTA contained similar combinations of fatty acids, but in significantly different amounts. Column pool DE3 appeared to contain two acyl groups per molecule whereas pool DE4 had only one. This difference may explain the behavior of these LTA molecules during chromatography. Both polymers should adsorb to DEAE-cellulose via their ionized phosphate groups. The diacyl-LTA (pool DE3) is expected to have a greater affinity for the chloroformmethanol-water mobile phase than the monoacyl-LTA (pool DE4) and should therefore be eluted first by a salt gradient (Fig. 2) . Conversely, the diacyl-LTA has a greater affinity for the C18 reverse-phase column during HPLC and thus showed a longer retention time than monoacyl-LTA (Fig. 4) . The rapidity and high resolution of HPLC makes this technique an attractive means of purifying variously acylated or substituted LTA in the future. However, it is expected that LTA from other gram-positive bacteria may have slightly different elution times during the chromatography steps than the LTA described here because the conditions needed to elute LTA will reflect the extent of its chemical substitution.
Several Streptococcuts species have been found to secrete both acylated and completely deacylated LTA into the culture medium during growth (9, 15) . Studies by Kessler and Shockman (11, 12) indicate that the extracellular materials are derived entirely from the fully acylated, membraneassociated LTA and that enzymatic deacylation can occur at the external surface of the cytoplasmic membrane. Thus, the monoacyl-LTA reported here may represent enzymatically degraded LTA that had not yet dissociated from the membrane or had not diffused completely through the cell wall matrix. The monoacyl-LTA, being much less lipophilic than the diacyl-LTA, may separate from the lipid bilayer and enter the aqueous milieu because of the strong hydrophilic pull of the polyglycerophosphate moiety. To test this hypothesis on the mechanism of LTA secretion, extracellular LTA must now be purified to homogeneity and the fatty acid content must be determined. Comparative studies should also be conducted on the tissue-binding properties and subsequent pathogenic effects of these variously acylated LTA preparations.
